Purpose One of the earliest hallmarks of diabetic retinopathy is the loss of retinal pericytes. However, the mechanisms that promote pericyte dropout are unknown. In the present study, we propose a novel pathway in which pericyte apoptosis is mediated by macrophages, TGFβ and proapoptotic BIGH3 (TGFβ-induced Gene Human Clone 3) protein.
Introduction
Diabetic retinopathy (DR) is a leading cause of blindness worldwide. [1] [2] [3] An early process in the pathogenesis of DR is pericyte dropout, which leads to a cascade of events including microaneurysms, thickening of the basement membrane, increased vascular permeability, hypoxia, and eventually angiogenesis. 4 Pericytes share a common basement membrane with endothelial cells and are most prominent in retinal capillaries in comparison with capillaries in other tissues in the body. 5 Pericytes closely resemble smooth muscle cells on arterioles and contract for vessel constriction; however, unlike smooth muscle cells, are embedded within the basement membrane. 6 Mouse models testing for pericyte deficiencies have shown that DR will develop after 50% of pericyte loss has occurred. 7 Endothelial cell-to-pericyte ratio increased from 1:1 in healthy retinas to 2:1 in diabetic retinas of humans. 8 Increased inflammation is noted in the early stages of DR, coinciding with the activation of the pro-inflammatory transcription factor NF-κB, which is elevated in both retinal endothelial cells (RECs) and pericytes in response to high glucose. 9 Rangasamy et al 10 demonstrated that RECs upregulate the expression of CCL2 (chemokine ligand 2) when exposed to high-glucose conditions. Interestingly, the resulting monocyte/macrophage infiltration is dependent on the expression of CCL2. 10 Macrophages constitutively secrete transforming growth factor beta-1 (TGFβ1) and increase its secretion in response to inflammation and phagocytosis. [11] [12] [13] In an earlier report, we showed macrophage infiltration induces apoptosis of RECs by secreting TGFβ1, which upregulates the gene TGFBI which encodes TGFβ-Induced Gene Human Clone 3 (or BIGH3). 14 BIGH3 is an extracellular matrix (ECM) cell-adhesion protein that has known apoptotic functions in corneal epithelial cells, HeLa cells, osteosarcoma cells, and bovine retinal pericytes; [14] [15] [16] [17] specifically through the EPDIM and RGD integrin-binding sequences at the C-terminal. 16 On the basis of preliminary studies, we hypothesize that, in diabetic conditions, macrophages infiltrate retinal tissue and secrete TGFβ upregulating BIGH3 production and secretion. The BIGH3 protein then causes apoptosis of retinal pericytes in an autocrine manner. This pathway elucidates a novel mechanism of retinal pericyte death, commonly seen as the one of the first morphological changes in the diabetic eye. 18 Vascular occlusion and increased permeability follow pericyte death and lead to a high level of vascular endothelial growth factor, 19 which promotes retinal neovascularization in later stages of DR. 20 Recently, we have shown that culture medium from macrophages grown in diabetic conditions had higher levels of TGFβ, which induces BIGH3 synthesis, secretion, and REC apoptosis. 14 Detailed analyses of this pathway and effects of BIGH3 should provide better understanding of events leading to DR and research into therapeutic treatment and prevention of this disease. Presently, treatments of DR include laser photocoagulations of ocular blood vessels and anti-inflammatory steroids. 4 Better understanding the role of macrophages, TGFβ, and BIGH3 in the early progression of DR may lead to improved treatments and preventative care.
Materials and methods

Cell culture
Human retinal pericytes (HRP) were obtained, from Lonza Group (Allendale, NJ, USA; Cat No. CC-7131). HRP were maintained in endothelial basal medium-2 (medium with Bullet kit purchased from Lonza Group; Cat No. CC-3202). Rhesus RECs (RhRECs), primary renal proximal tubule epithelial cells, and cell media were described in a previous publication from our laboratories. 14, 21 Transforming growth factor β TGFβ1 and TGFβ2 were purchased from Sigma Aldrich (Cat No: T7039, T2815; St. Louis, MO USA).
Antibodies
BIGH3 bacterial fusion protein was used to immunize New Zealand white rabbits. The resultant anti-BIGH3 antiserum has been previously characterized. 16, 21 Preimmune serum was used as negative control where indicated in the individual experiments. Anti-rat CD68 antibody was obtained from ABD seroTec (Cat No. MCA1957T; Raleigh, NC, USA). Mouse anti-TGFβ1 antibody was purchased from R&D Systems (clone 9016; Minneapolis, MN, USA).
Immunocytochemistry
Immunostaining was carried out as described in an earlier publication. 14 
TUNEL Staining
To test if the pathway reported in previous publications 14, 21 was also a valid pathway for retinal pericytes, HRP were cultured in cell medium containing 5 ng/ml of TGFβ1 or 2, with or without rabbit anti-BIGH3 antiserum (BIGH3 Ab). To determine if BIGH3 could induce HRP apoptosis, cells were treated with increasing concentrations of recombinant BIGH3. 21 In one part of this study, cells were incubated with increasing concentrations of BIGH3 for 24 h and TUNEL assays were performed to determine cell death. We next compared the sensitivity of different cell types for BIGH3-induced cell death. HRP, RhRECs and renal proximal tubules epithelial cells (RPTEC) were treated for 24 h with increasing concentration of BIGH3 protein (0-35 μg/ml). Wells of a Lab-Tek 16-well chamber slide from Fisher Scientific (Cat No: 12-565-110N; Waltham, MA, USA) were each seeded with 5 × 10 3 HRP, RhREC, or RPTEC in 300 μl of MEM. After 24-h incubation, the MEM was aspirated and replaced with either BIGH3 in MEM growth media, BIGH3 Ab, TGFβ 1, 2 or a combination thereof (see the 'Result' section on treatment paradigm). After incubation, cell media was aspirated and the cells were fixed for 1 h in 4% paraformaldehyde in PBS. After washing with PBS, cells were treated for 2 min with 250 μl sodium citrate buffer containing 0.1% Triton X-100 at 4°C. TUNEL assay (Roche, Cat No: 11684795910; Indianapolis, IN, USA) and 4',6-diamidino-2-phenylindole (DAPI) staining (Vector Labs; Cat No: H-1500; Burlingame, CA. USA) were performed according to the manufacturer's recommendations. After washing with PBS, cells were sealed with Vectashield. The numbers of stained cells in ten different random fields (×20 magnification) were counted using a ZEISS Axioplan II fluorescent microscope (Zeiss; Thornwood, NY, USA). A positive control well comprised cells that were pre-treated with camptothecin, an apoptosis inhibitor of DNA enzyme topoisomerase I.
Western blot analysis
Proteins in equal volumes of conditioned media were resolved on reducing 4-10% SDS polyacrylamide gels and transferred to Immobilon-P membrane. The membrane was incubated with BIGH3 antibody (1:5000), washed and then incubated with horseradish peroxidase-labeled goat anti-rabbit IgG (1:3000). The complex was detected using diaminobenzidine. Densitometry analysis was performed by Image J software developed by NIH (Bethesda, MD, USA).
qPCR
We first test this inflammatory pathway by treating HRPs with increasing concentrations of TGFβ1 and TGFβ2. Cells were incubated for 24 h and BIGH3 expression was assayed through qPCR. Total RNA isolated using RNeasy mini kit (Qiagen; Cat No: 74104; Valencia, CA, USA) was reverse-transcribed into cDNA using Taqman Reverse Transcription reagents (Life Technologies, Cat No: 4304134; Grand Island, NY, USA). Quantitative PCR measured BIGH3 mRNA and 18s rRNA using Syber Green PCR Mix (Life Technologies, Cat No: 4309155). BIGH3 primers were: forward 5′-TGGACAGACCC TGGAAACTC-3′ and reverse 5′-GTCTCCCTTCAG GACATCCA-3′. 18s-rRNA primers were forward 5′-AGACCTGGAGCGACTGAAGA-3′ and reverse 5′-AGAAGTGACGCAGCCCTCTA-3′. The comparative Ct (ΔΔCt) method was used to obtain quantitative data of relative gene expression; values were normalized to expression levels of 18s rRNA.
Immunohistochemical distribution of BIGH3 and macrophages in human retina HRP were stained with phalloidin for actin, DAPI for cell nuclei, and antibodies against BIGH3. The retinal distribution of BIGH3 and macrophage marker, CD68 were characterized in a post-mortem globe with documented non-proliferative DR (NPDR). Unstained formalin-fixed paraffin-embedded sections of the right eye were obtained through the National Disease Research Interchange (NDRI, Philadephia, PA, USA). The 5 μM complete globe sections were oriented through the foveola. Each globe had been harvested and placed in 120 ml 10% of buffered formalin 4 h after death. A full histopathological and clinical summary was prepared by on one of us (FG-F) and is available through the Ocular Pathology NDRI Slide Program (NDRI Donor registry #68373; http://ndriresource.org/Human-TissueServices/Eye-Research/5066/).
Results
Cultured HRP synthesize and secrete BIGH3
DAPI and phalloidin staining confirm the elongated cell body and normal HRP morphology (Figures 1b and c) . TGFβ-induced BIGH3 expression and secretion in HRP HRP's treated with 1, 2, 5, and 10 ng/ml TGFβ1 all had a statistically significant increase in BIGH3 expression compared with the control (Figure 2a ). HRP treated with 10 ng/ml TGFβ2, had a statistically significant increase in BIGH3 expression compared with the control (Figure 2b ). The presence of BIGH3 protein from cultured medium was shown in by western blots (Figures 2c and d) . BIGH3 was detected in the medium when HRP were treated with 1, 2, 5, and 10 ng/ml TGFβ1 or TGFβ2 (Figures 2e and f) .
BIGH3 antibody blocks TGFβ-induced apoptosis
Treatment of retinal pericytes with TGFβ1 and 2 induced 12 and 18% apoptosis in HRPs, respectively. The inhibition with BIGH3 Ab in cells treated with TGFβ1 reduced the level of cell death from 12 to 6% (Figure 3 ). The inhibition with BIGH3 Ab in cells treated with TGFβ2 significantly reduced the cell death from 18 to 3% (Figure 3 ). These results demonstrate that TGFβ1-and 2-induced cell death is mediated by BIGH3 in HRPs, as in RECs reported in our previous study. 14 
BIGH3-induced apoptosis of HRPs
Cells treated with 0, 5, 10, 25, and 50 μg/ml of BIGH3 resulted in an increase in percent apoptosis in a dosedependent manner (Figure 4a ; one-way ANOVA shows a significant dose effect). In addition, BIGH3-induced HRP apoptosis was also determined to be time-dependent within the treatment period of 24 to 72 h (Figure 4b ; one-way ANOVA shows a significant time effect).
High sensitivity of HRP to BIGH3-induced apoptosis Figure 4c shows that BIGH3 induced a dose-dependent increase of cell apoptosis in all three cell types. Changes in percent apoptosis with increasing BIGH3 concentration varied greatly by cell type. At 5 μg/ml, BIGH3 induced o10% apoptosis in RhREC and 35% in HRP, suggesting a 3.5-fold higher in HRP sensitivity to BIGH3 treatment. At 10 μg/ml, BIGH3 resulted in 27% apoptosis in RhREC and 14% in RPTEC, suggesting that renal epithelial cells Figure 3 TGFβ-mediated apoptosis mitigated by BIGH3 antibodies. HRP were cultured in EMB-2 for 24 h, media was refreshed with 5 ng/ml of TGFβ1 or TGFβ2, with and without rabbit anti-BIGH3 antiserum (BIGH3 Ab). BIGH3 Ab significantly reduced TGFβ-induced apoptosis (Tukey's multiple comparison test, *Po0.05). One-way ANOVA was significant F(5,27) = 5.695; Po0.01. Figure 4 BIGH3 induced HRP apoptosis. (a) Dose-dependent increase in apoptosis: HRP were cultured in media containing recombinant BIGH3 protein at increasing concentrations. TUNEL assay was performed following 24 h treatment period, and a dose-dependent relationship existed between BIGH3 amount and percent apoptosis. Results from one-way ANOVA were significant (F(4,18) = 9.154; Po0.001). A Dunnett's multiple comparison test was performed using 0 μg/ml as the control (*Po0.05, **Po0.01). (b) Time-dependent increase in apoptosis: cultured HRP were treated with 3 μg/ml of BIGH3 protein for 72 h. TUNEL assay was performed every 24 h, and a time-dependent relationship was observed. One-way ANOVA was significant (F(5,11) = 17.54; Po0.01) and Dunnett's test was performed using recombinant BIGH3 vehicle (PBS) as control (*Po0.05). Camptothecin used a positive control (72 h; topoisomerase I inhibitor). (c) Cell type dependency in apoptosis: HRP (open circle), rhesus monkey RECs (closed triangle) and human RPTECs (closed square) were cultured and treated with increasing concentrations of BIGH3 protein. Cell Death was confirmed by TUNEL assay following 24 h treatment period. HRP were most sensitive to low concentration (1-5 μg/ml) of BIGH3 treatment which induced a 25% increase in apoptosis (or 6% increase in apoptosis per unit increase in BIGH3 concentration-μg/ml). RhRECs were less sensitive to BIGH3 treatment (2-10 μg/ml) which induced a 22% increase in cell apoptosis (or 2.5% increase in apoptosis per unit increase in BIGH3 concentration-μg/ml). RPTEC were the least sensitive to BIGH3 treatment (at a higher concentration of 10-30 μg/ml) which induced a 16% increase in cell apoptosis (or 0.8% increase in apoptosis per unit increase in BIGH3 concentration-μg/ml).
were twofold lower in sensitivity to BIGH3-induced apoptosis than RECs. Furthermore, the progressive increase in apoptosis with increasing BIGH3 concentration also varied greatly among cell types.
In HRP, apoptosis increased by 16% per unit increase in BIGH3 concentration (at the range of 1-5 μg/ml BIGH3). In comparison, RhREC apoptosis increased by 2.5% per unit increase in BIGH3 concentration (at range of BIGH3-mediated inflammatory pathway of diabetic retinopathy BS Betts-Obregon et al 2-10 μg/ml BIGH3). RPTEC were the least responsive of all three cell types with a rate of 0.8% increase in apoptosis per unit increase in BIGH3 concentration (at the range of 10-30 μg/ml BIGH3, Figure 4c ).
Histopathological analysis of retinal BIGH3 expression and macrophage distribution in NPDR
The gross and histological findings in the post-mortem globes from NDRI Donor 68373 were characteristic of NPDR. This Donor, a 68-year old woman with 7-year history of diabetes mellitus, died of complications secondary to renal and congestive heart failure. She was initially diagnosed with type II diabetes at 61 years of age and began to require insulin 4 years later. Her clinical course was complicated by peripheral neuropathy, renal failure requiring dialysis, and coronary artery disease. She received focal laser retinal therapy, bilateral intraocular lens placement, and intravitreal kenalog for diabetic macular edema. Her last A1c measurement at 4 months prior to death was 10.6%. There was no clinical history other retinal disease. The whole-eye histological sections examined were oriented through the foveola and optic nerve head. The panels presented in Figure 5 correspond to mid-peripheral or perifoveal retina. For orientation an arrowhead in each panel marks the position of the outer limiting membrane. Histological study showed that the eye was free of evidence for age-related macular degeneration, glaucoma, or other retinal disorder. Uniform and diffuse thickening of the ciliary body basement membrane was present as is typically seen in diabetes. There was no evidence for vitreal neovascularization or hemorrhage. Hyaline thickening of the retinal vessels walls and arteriolosclerosis could be appreciated in the hematoxylin and eosin-stained sections and periodic acid schiff preparations (Figures 5a and b) . Hyaline choroidopathy was also present. Occasional retinal microaneurysms could be identified in the sections. Focal dot/bot hemorrhages were appreciated macroscopically, and were confirmed histologically (data not illustrated). Taken together these findings are in keeping with early diabetic changes (NPDR).
The distribution of BIGH3 and macrophage marker, CD68 were examined by avidn-biotin complex immunohistochemistry (Figures 5c-e) . In Figure 5c and d, Azure B was used as the counter stain. Here, melanin granules stain metachromatically green/blue allowing the brown reaction product to be distinguished from retinal pigment epithelium and choroidal melanosomes. 22 immunospecific staining for BIGH3 could often be appreciated in the walls of the retinal vessels (arrows, Figure 5c ), sometimes in the choroid vessels as well (asterisk). Adsorbed controls performed by co-incubating the primary antibody with purified recombinant BIGH3 protein abolished the immunospecific staining. Macrophages could be identified within the neural retina by their prominent CD68 expression (Figure 5e ). These cells were rarely present in the outer nuclear layer, but could be found within the inner nuclear layer and inner plexiform layers. In both of these regions, the macrophages were often associated with the arterioles and capillaries. The vascular BIGH3 deposition and presence of retinal macrophages was not observed in normal human control sections.
Discussion
A study on retinal pericyte dropout is essential to better understand the early development of DR and progression of the disease. In two previous studies, we reported an inflammatory pathway whereby diabetes related macrophage infiltration to the eye and the kidney led to TGFβ and TGFβ-induced BIGH3 protein resulting in apoptosis in RhREC 14 and renal proximal tubule epithelial cells (RPTEC 21 ), respectively. However, this macrophage-TGFβ-BIGH3 pathway has not been applied to retinal pericyte apopotsis. Therefore, we hypothesize that a similar pathway also contributes to pericyte dropout which, is an important early event in the development of DR + . Using immunofluorescence RT/PCR and western blot analysis, we provided strong evidence that HRP in culture synthesize and secret BIGH3 (Figure 1 ) and that TGFβ (1 and 2) both induced expression (mRNA) and secretion (western blots on conditioned media) of BIGH3 protein ( Figure 2 ). As pointed in our previous publication, both isomers of TGFβ are expressed in the eye, therefore, it is important to compare the efficacy of both TGFβ1 and β2 isomers. Our results show that TGFβ1 seems more effective than TGFB2 in the induction of BIGH3 expression and protein synthesis/secretion. Additional experiments, however, will need to be carried out to further clarify the significance of these two protein isoforms in BIGH3 gene expression and the extent of BIGH3-mediated retinal cell apoptosis.
BIGH3 antiserum significantly reduced the effect of TGFβ-induced HRP apoptosis (Figure 3 ) strongly implicating that BIGH3 is a key mediator of TGFBinduced apoptosis. This is highly consistent with conclusions in our previous publications 14, 21 that TGFβ from macrophage induced the synthesis and release of BIGH3 protein from target cells. The apoptotic BIGH3 protein then acted in an autocrine or paracrine manner to induce cell death.
The mechanism(s) by which retinal pericytes undergo cell death remains unknown, and our data support the notion that exogenously added recombinant BIGH3 protein induced HRP apoptosis in a time-and dosedependent manner (Figures 4a and b) . Importantly, investigating which vascular cell type is more sensitive to BIGH3-mediated cell death would be relevant as it is recognized that pericytes dropout before endothelial cells is an early hallmark of breakdown of the blood-retinal barrier. Our in vitro data showed that HRP are 3.5-fold more sensitive than RhREC to BIGH3-mediated cell death (Figure 4c) . Thus raising the possibility that elevated TGFβ and BIGH3 levels in the diabetic retina may contribute to the earlier dropout of pericytes and promote further vascular pathology.
To complement our in vitro findings we sought to examine the retinal expression of BIGH3 and microglia/ macrophages in early DR. We selected a NDRI postmortem Donor who had Type II DM for a relatively short period (7 years) and did not have a clinical history of PDR. A thorough histological evaluation revealed pathological changes characteristic of NPDR. 23 No evidence for proliferative retinopathy was found in the eye of this donor, or other retinal disease. BIGH3 was clearly detected in the retinal arterioles ( Figure 5 ). and perivascular microglia/macrophages were also associated within the tissue. Our human histopathological studies are therefore consistent with the hypothesis that monocyte/ macrophage-induced BIGH3 expression is an important progressive step in the pathophysiology of pericyte loss. Ongoing studies will extend these observations to additional cases representing the full-spectrum DR.
Han et al 17 reported that BIGH3 induced bovine retinal pericyte apoptosis via an RGD sequence within the C-terminus. However, it is not clear if BIGH3-induced HRP apoptosis reported in this study is similarly mediated by RGD, or by EPDIM binding to the laminin receptor (α3β1) as suggested by Zamplia et al. 16 Further studies, including the identification of the integrin receptor and the activation of specific pro-caspases will be essential to understand the molecular basis of cell death in this pathway on the development of DR.
Summary
What was known before K Pericytes dropout is a hallmark of early stage in diabetic retinopathy. The cause of this pericyte dropout is not known.
What this study adds K An inflammatory pathway involving the BIGH3 protein causes pericyte dropout in diabetic retinopathy.
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